It is commonly believed that gene duplications provide the raw material for morphological evolution. Both the number of genes and size of gene families have increased during the diversification of land plants. Several small proteins that regulate transcription factors have recently been identified in plants, including the LITTLE ZIPPER (ZPR) proteins. ZPRs are post-translational negative regulators, via heterodimerization, of class III Homeodomain Leucine Zipper (C3HDZ) proteins that play a key role in directing plant form and growth. We show that ZPR genes originated as a duplication of a C3HDZ transcription factor paralog in the common ancestor of euphyllophytes (ferns and seed plants). The ZPRs evolved by degenerative mutations resulting in loss all of the C3HDZ functional domains, except the leucine zipper that modulates dimerization. ZPRs represent a novel regulatory module of the C3HDZ network unique to the euphyllophyte lineage, and their origin correlates to a period of rapid morphological changes and increased complexity in land plants. The origin of the ZPRs illustrates the significance of gene duplications in creating developmental complexity during land plant evolution that likely led to morphological evolution.
Introduction
The increasing abundance of genomic and transcriptomic resources has revealed that a basic genetic toolkit was in place prior to the evolutionary radiation of the land plants (embryophytes) (Banks et al., 2011; Delaux et al., 2012; Bowman, 2006, 2007; Rensing et al., 2008; Tanabe et al., 2005; Zalewski et al., 2013) . Comparative genomics and phylogenetic analyses of gene families has also shown that there were net gains in the number of gene families at key nodes of the land plant phylogeny, including the vascular plant ancestor and later in the euphyllophyte lineage (monilophytes and seed plants), as well as evidence of gene or genome duplications in numerous lineages, including mosses, lycophytes, euphyllophytes, seed plants, and angiosperms (Banks et al., 2011; Jiao et al., 2011; Rensing et al., 2008; Zalewski et al., 2013) . It has long been recognized that gene duplications provide the raw material for biological evolution (Freeling and Thomas, 2006; Jiao et al., 2011; Ohno, 1970; Zhang, 2003) . It is likely that gene and genome duplications were the ultimate source for novel gene families as well as increasing gene family size in land plant genomes. Therefore, in order to understand plant morphological evolution, it is important to be able to reconstruct the evolution of complexity in gene families and make associations between gene duplications, the appearance of novel gene function, and increasing developmental and structural complexity (Aburomia et al., 2003; Floyd and Bowman, 2007) .
Although the fate of most duplicate genes may be degeneration and loss, the fact remains that numerous paralogs have accumulated and been retained for hundreds of millions of years following gene and genome duplications during the diversification of land plants (Prince and Pickett, 2002) . This is particularly true of plant transcription factor genes (Banks et al., 2011; Blanc and Wolfe, 2004; Edger and Pires, 2009; Floyd and Bowman, 2007; Freeling and Thomas, 2006; Seoighe and Gehring, 2004) .
Transcription factors (TFs) are proteins that must interact with other molecules to function (Amoutzias et al., 2008; Riechmann et al., 2000 . Many transcription factors regulate gene expression during developmental processes. TFs typically interact with the DNA of their target genes, but frequently have multiple functional domains for interaction with other proteins (Amoutzias et al., 2008) . Bridgham et al. (2008) demonstrated that for developmental genes that encode proteins with modular subfunctions (eg. distinct DNA binding and dimerization domains), a simple nucleotide substitution can alter the protein of one paralog so that dimerization may occur, but DNA or other ligand binding is prevented due to loss of critical domains. The result of such mutations is that the mutated paralog becomes an antagonistic, negative, post-translational regulator of any non-altered paralogs.
Many plant transcription factors involved in developmental regulation (bHLH, b-ZIP, HD-ZIP, LEAFY, MADS-Box, WRKY) function as dimers, with dimerization critical for DNA binding and mediated by an independently functioning domain (Amoutzias et al., 2008; Chi et al., 2013; Siriwardana and Lamb, 2012) . Since dimerization is essential for their function, duplicate paralogs of most plant transcription factor genes have the potential to become (by degenerate mutation) novel regulatory modules for existing developmental pathways, with consequences for fine-tuning developmental control both spatially and temporally. The extent to which this has happened and the possible implications for land plant evolution remain an intriguing area for investigation.
Recently, a variety of small regulatory proteins (SRPs) have been identified in plants. These have been referred to as ''small interfering peptides (siPEPS)'' (Seo et al., 2011) or ''microProteins'' (Staudt and Wenkel, 2011) . SRPs competitively inhibit transcription factors, either competing for binding sites or creating non-functional dimers and thus post-translationally dampen the effects of the expressed target TF proteins Seo et al., 2011; Staudt and Wenkel, 2011) . The importance of plant SRPs in flowering plant development is only just beginning to be appreciated (Seo et al., 2011; Staudt and Wenkel, 2011) , and the origin and history of SRPs remains largely unexplored.
The ability of SRPs to interact or compete with transcription factors through shared domains suggests that the SRPs may be evolutionary related to their targets and may represent degenerate paralogs. The origin of such post-translational competitive inhibitors would represent a mechanism for the origin of novel regulatory modules imposed on the ancestral developmental tool kit, and may have had a significant role in morphological change during embryophyte evolution. Thus far, most SRPs are known only from flowering plants, suggesting a relatively recent origin (Magnani and Hake, 2008; Staudt and Wenkel, 2011; Wenkel et al., 2007) . However, this may reflect a discovery bias as most developmental research focuses on angiosperms. Recently, Hu et al. (2008) identified MINI ZINC FINGER (MIF) sequences in gymnosperm taxa, indicating that this class of plant SRPs predates the origin of flowering plants. The Aux/IAA genes that competitively regulate AUXIN RESPONSE FACTOR (ARF) transcription factors involved in auxin response are ancient, as are the ARFs themselves. Both ARFs and their Aux/IAA regulators have been identified in the genomes of the moss, Physcomitrella and the lycophyte, Selaginella, indicating that they may be present in all land plants (Banks et al., 2011) . Extensive searches for other SRP homologs in non-flowering plants have not yet been undertaken and have the potential to reveal a more ancient origin for many SRPs than is currently hypothesized.
To resolve the phylogenetic relationships of SRPs and their targets, and therefore infer the timing of the duplication(s) that gave rise to novel regulatory modules, it is essential to have a wellresolved phylogenetic history of both the SRPs and their targets. Very few plant developmental gene families have been broadly studied from a phylogenetic perspective. One notable exception is the class III Homeodomain Leucine Zipper (C3HDZ) gene family. C3HDZs are essential for patterning and differentiation in the Arabidopsis shoot, including establishment of the embryonic meristem, patterning and polarity of vascular tissues, and establishment of leaf polarity (Emery et al., 2003; McConnell et al., 2001; Otsuga et al., 2001; Prigge et al., 2005; Talbert et al., 1995) . Expression data for C3HDZs in gymnosperms and the lycophyte Selaginella suggest that a role in the SAM and vascular patterning may be quite ancient .
C3HDZ genes have been identified in all land plant lineages and charophycean algae. Phylogenetic analyses of and Prigge and Clark (2006) both suggested that C3HDZ gene duplications occurred in a common ancestor of monilophytes (ferns, whiskferns, and horsetails) and seed plants. Comparison of the two independent analyses also suggests that sampling of gymnosperms and monilophytes has not yet revealed the full complement of C3HDZs in those taxa. Full resolution of C3HDZ phylogeny in euphyllophytes requires the addition and analysis of missing homologs.
C3HDZs in Arabidopsis are post-translationally regulated by LIT-TLE ZIPPER (ZPR) proteins (Kim et al., 2008; Staudt and Wenkel, 2011; Wenkel et al., 2007) . ZPR genes were first identified as direct targets of the Arabidopsis C3HDZ protein REVOLUTA (REV) (Wenkel et al., 2007) . Each of the four ZPR genes in Arabidopsis (ZPR1-4) encodes a short protein (67-105 amino acids) with a single leucine-zipper (LZ) domain that is most similar to the LZ domains of C3HDZ proteins. All four ZPR genes are known to be upregulated by three of the five Arabidopsis C3HDZ proteins, REV, PHB, and PHB, (unknown for ATHB8 and ATHB15/CNA) (Brandt et al., 2013; Kim et al., 2008; Wenkel et al., 2007) . All four ZPR proteins dimerize with all five C3HDZ proteins via the LZ domains, forming heterodimers that are unable to bind to DNA (Brandt et al., 2013; Kim et al., 2008; Wenkel et al., 2007) . Overexpression of ZPR genes causes phenotypic defects that mimic C3HDZ loss-of-function phenotypes (Wenkel et al., 2007) , and can partially rescue the phb-1d dominant gain-of-function phenotype (Kim et al., 2008) . Analysis of ZPR loss-of-function mutants indicates that ZPR function is required for SAM structure and function. zpr3-2 zpr4-2 double mutants exhibited a variety of defects including abnormal SAM structure, disruption of normal phyllotaxis, production of extra cotyledons and leaves, as well as ectopic axillary meristems (Kim et al., 2008) . Together these data suggest that normal SAM maintenance and function (including phyllotaxis) in Arabidopsis requires ZPR proteins to maintain the balance of C3HDZ activity (Brandt et al., 2013; Kim et al., 2008) . The ZPR genes were described as a new gene family restricted to flowering plants (Staudt and Wenkel, 2011; Wenkel et al., 2007) . However, the similarity of the leucine zipper (LZ) amino acid sequences of ZPR and C3HDZ proteins suggests a shared ancestry. As previously discussed, C3HDZ genes are known to have an ancient origin. Intriguingly, the first C3HDZ gene (Crhb1) identified from the fern Ceratopteris by Aso et al. (1999) encodes a truncated C3HDZ protein with only the HD and LZ domains . The phylogenetic position of Crhb1 is uncertain, as it was resolved in different positions in previous published C3HDZ phylogenetic analyses (Floyd et al., 2006, #146; Prigge and Clark, 2006, #338) . It is possible that Crhb1 is a paralog of the ZPR genes. In order to determine whether ZPR genes represent degenerate C3HDZ genes, we utilized newly available public genomic and transcriptomic resources to fully assess the phylogenetic distribution of ZPR genes in land plants and to reanalyze the C3HDZ phylogeny, with an emphasis on more complete sampling of monilophytes and gymnosperms and the inclusion of ZPR gene sequences. Our goal was to determine if ZPR genes resolve within the C3HDZ gene tree and, if so, to map the duplication event that gave rise to ZPR genes in order to infer how the origin of a novel regulatory module may have influenced plant evolution.
Methods

Search for ZPR orthologs in public databases
Arabidopsis ZPR gene coding sequences were obtained from The Arabidopsis Information Resource (TAIR) database (http:// www.Arabidopsis.org/). Previously identified Oryza sativa ZPR sequences were obtained from The Rice Genome Annotation Project (http://rice.plantbiology.msu.edu/). Using Arabidopsis ZPR sequences as queries, we performed PsiBLAST similarity searches first in the GenBank EST database, focusing the search on gymnosperms and then monilophytes. We identified a single partial EST from Ginkgo biloba and one from Cycas rumphii that were likely ZPR homologs. We then used the C. rumphii sequence to perform a BLAST search for an ortholog in Zamia furfuracea in the GenBank Sequence Read Archives (SRA). Individual SRA reads were assembled into a complete ZPR coding sequence using Sequencher 4.10.1 (Gene Codes). The cycad and Ginkgo ZPR sequences were used as queries for BLAST similarity searches in the 1KP Project (http://www.onekp.com/) and Ancestral Angiosperm Genome Project (http://ancangio.uga.edu/) EST assemblies.
2.2. Class III HD-Zip sequences-expanding the sampling of gymnosperms, monilophytes, lycophytes, and mosses All C3HDZ sequences used in our previous analysis of C3HDZ phylogeny formed the core of the C3HDZ character matrix for this analysis.
Gymnosperms
We added Pinus taeda C3HDZ sequences identified by Prigge and Clark (2006) (obtained from GenBank) (Table S1 ). Degenerate PCR was performed using methods and primers described in on a cDNA library prepared from Cycas rumphii (created at the New York Botanic Garden). Screening of clones revealed four different C3HDZ cDNA sequences (CruC3HDZ1-4). 5 0 and 3 0 RACE was performed to identify the ends of each cDNA sequence. Complete coding sequences of all four Cycas C3HDZ genes were cloned and sequenced. A reverse primer based on CruC3HDZ3 was used with a forward degenerate primer to amplify partial orthologs from Ginkgo biloba (GbC3HDZ4) and Pseudotsuga menziesii (PmC3HDZ4). 5 0 RACE and 3 0 RACE identified the ends of GbC3HDZ4 and PmC3HDZ4. Complete GbC3HDZ4 and PmC3HDZ4 coding sequences were then cloned and sequenced. The fourth potential euphyllophyte lineage of Prigge and Clark (2006) was represented by a single partial EST from Pinus taeda (PtaHDZ34) and a fifth clade included a single P. taeda EST 3 0 fragment (PtaHDZ35). A specific reverse primer based on the end of the PtaHDZ35 coding region, used with forward degenerate primers to amplify an ortholog for the fifth gymnosperm gene from G. biloba (GbC3HDZ5). 5 0 RACE was used to identify the 5 0 end of the coding sequence, which was then cloned and sequenced. GbC3HDZ5 nucleotide sequence was used as a query in a BLAST search of conifer transcript databases in the Sequence Read Archive (SRA) at GenBank, GenBANK ESTs, and 1KP project transcript database (http://www.onekp.com/). The resulting sequences were assembled as contigs in Sequencher 4.10.1 (GeneCodes). A single, complete transcript could not be assembled for any single species. An isolated contig from Pseudotsuga menziesii aligned near what should be the 5 0 end of a C3HDZ coding sequence. A specific primer was designed based on that sequence and used with the PtaHDZ35 coding reverse primer to amplify a single, mostly complete coding sequence from P. menziesii (PMC3HDZ5).
Monilophytes
Gymnosperm and fern C3HDZ sequences were used as queries in BLAST searches of the 1KP project transcript databases (http:// www.onekp.com/) for monilophytes. Our search of leptosporangiate ferns was focused on identifying orthologs of PtaHDZ34 (Prigge and Clark, 2006) . In addition, three leptosporangiate fern sequences (CriHDZ31, CriHDZ32, Mm_DQ657207) identified by Prigge and Clark (2006) were obtained from GenBank.
Lycophytes
Shoot apices were obtained from Huperzia lucidula cultivated in the University of California, Davis conservatory. RNA was extracted and cDNA synthesized as described in . Degenerate primers were used to amplify fragments of multiple C3HDZ cDNA sequences, followed by 5 0 and 3 0 RACE to identify cDNA ends.
Mosses
Degenerate PCR was performed using methods and primers described in on cDNA from Sphagnum sp. collected from the conservatory at the University of California, Davis and Dawsonia superba collected from wild populations near Mount Dona Buang, Victoria, Australia. Multiple clones were screened and sequenced revealing what appeared to be several C3HDZ genes. The C3HDZ fragments from Sphagnum were used to perform BLAST searches of the 1KP project transcript databases (http://www.onekp.com/). Sphagnum C3HDZ contigs were assembled in Sequencher 4.10, combining sequence from our clones and 1KP scaffolds. Three partial C3HDZs were identified in Dawsonia. 5 0 and 3 0 RACE was used to identify cDNA ends. Complete (or nearly so) cDNA sequences were then cloned and sequenced.
All C3HDZ and ZPR cDNA nucleotide coding sequences cloned for this study as well as those downloaded from the 1KP BLAST site are provided in Dataset S1. C3HDZ sequence source information and accession numbers are provided in Table S1 .
Sequence comparison and phylogenetic analysis
Pairwise sequence similarities for the HD and LZ domains were calculated for the C3HDZ REV sequence, the complete euphyllophyte clade III C3HDZ sequences and ZPR amino acid sequences for which we had complete coding sequences using the EMBOSS Needle global pairwise alignment tool (http://www.ebi.ac.uk/ Tools/psa/emboss_needle/), which implements the NeedlemanWunsch alignment algorithm (Needleman and Wunsch, 1970) . Tables S1,  S2 .
Sequences included in the comparison are indicated in
Nucleotide sequences were imported into Se-Al (Rambaut, 1996) , translated, and aligned manually. Previous phylogenetic analyses of C3HDZ and other gene families (Floyd and Bowman, 2007; Prigge and Clark, 2006) revealed that amino acid alignments are better for reconstructing deep phylogenetic relationships of land plant TF sequences (than nucleotide sequences) and that Maximum Likelihood and Bayesian methods result in gene trees with similar topology and support. We used Bayesian analyses of amino acid alignments for the expanded phylogenetic analyses presented here. We excluded ambiguously aligned sequence to produce an alignment of 793 amino acid characters. Phylogenetic analyses were performed using Mr. Bayes 3.2.1 (Huelsenbeck and Ronquist, 2001) , run on multiple parallel processors on the Monash University Sun Grid High Speed Computer Cluster. The first analysis included only C3HDZ sequences. The second included both C3HDZ and ZPR sequences. Both analyses were run for 2,000,000 generations, which was sufficient for convergence of the two simultaneous runs of each analysis. Convergence was assessed by visual inspection of the plot of the log likelihood scores of the two runs and the convergence diagnostic ''Potential Scale Reduction Factor'' (Gelman and Rubin, 1992) calculated by MrBayes. Angiosperm ZPR sequences lacking N-terminal domains were constrained as a monophyletic group. To allow for the burn-in phase, the first 50% of the total number of saved trees were discarded in both analyses. Character matrix and command files used to run the Bayesian phylogenetic analyses are provided in Datasets S2, S3. Individual saved trees were viewed and filtered to compare topologies in PAUP 4.0 (Swofford, 2003) .
Ginkgo ZPR expression vector construction
RNA extraction and cDNA synthesis from Ginkgo biloba shoot apices was done as previously described . Two reverse primers were designed based on the partial GbZPR EST and used to perform 5 0 RACE using the SMART RACE kit (Clontech). The 5 0 end of the transcript was amplified, TA cloned (Invitrogen), and sequenced. The GbZPR coding sequence was amplified and TOPO cloned directly into the pENTRD-TOPO vector (Invitrogen). The GbZPR coding sequence was then recombined into a binary vector based on pMLBART (Gleave, 1992) with two tandem copies of the cauliflower mosaic virus 35S promoter (35S) upstream of the Gateway attR1-attR2 site, using Gateway LR Clonase II (Invitrogen). The resulting construct (35S:GbZPR-BART) put the GbZPR coding sequence under control of the constitutive 35S promoter. The coding sequence for GbZPR is available in Dataset S2.
Transformation of Arabidopsis and selection of transformants
The binary vector containing the expression construct (35S:GbZPR-BART) was transformed into Agrobacterium tumefaciens (strain GV3001) by electroporation and then introduced into wild-type Arabidopsis thaliana Landsberg erecta (Ler) using standard protocols. Seeds were collected and sown. Seedlings were sprayed with BASTA to select for transformants. Seeds were collected from 10 T1 lines and sown. Young T2 plants were examined for evidence of the effects of the transgene, comparing to the results of Wenkel et al. (2007) , who performed similar experiments with overexpressing Arabidopsis ZPR genes.
Microscopy
Young 35S:GbZPR seedlings and leaves were fixed in FAA overnight and then dehydrated through an ethanol series to 100% ethanol. The specimens were dried in a critical point drier and sputter coated with gold. The specimens were imaged using scanning electron microscopy.
Results
New ZPR sequences from flowering plants
Searches of public databases revealed ZPR-related sequences from diverse angiosperm species. Arabidopsis ZPR genes fall into two groups, one whose members encode several amino acids N-terminal of the LZ (ZPR1,2) and one that does not (ZPR3,4) (Wenkel et al., 2007 ). This appears to be true for other angiosperms as well. Inspection of the aligned ZPR amino acid sequences from diverse angiosperms reveals that most angiosperm species examined have at least one ZPR gene encoding a protein with N-terminal sequence and at least one that does not (Figs. 1, S1 ). The N-terminal domains of angiosperm ZPR1,2 proteins are not easily aligned to each other or to a C3HDZ homeodomain (HD), which is the domain N-terminal to the leucine zipper (LZ) in C3HDZ proteins (Figs. 1, S1 ). Most ZPR3,4 group proteins, which lack N-terminal sequence, begin with a start codon in what would be the leucine position (d) of the first heptad of the LZ domain (Fig. 1) . Angiosperm ZPR genes also encode a region of variable length at the C-terminal end of the LZ. These C-terminal regions are also difficult to align, although within each of the two groups of angiosperm ZPRs there is a unique motif that is shared by many, but not all, of the sequences of that group (Fig. S1 ).
ZPR sequences in non-flowering plants
Gymnosperms
Searches of publicly available transcript databases revealed ZPR-like sequences from multiple gymnosperm species. We found no evidence of more than one ZPR transcript from any single gymnosperm species. For the purposes of phylogenetic analysis, we included ZPR sequences from seven gymnosperms, including cycads, Ginkgo and conifers (Table S2 ). All gymnosperm ZPR genes encode a region N-terminal of the LZ domain, which is similar to, and aligns with, the HD of C3HDZ protein sequences (Figs. 1, S1 , S2). The gymnosperm ZPR sequences also encode a short C-terminal domain that is conserved in all gymnosperms, but not shared with ZPR genes outside of gymnosperms (Fig. S1 , Table S2 ).
Monilophytes
From BLAST similarity searches we retrieved short transcripts with similarity to the LZ domain as well as upstream HD-encoding regions of C3HDZs from both eusporangiate and leptosporangiate monilophytes (Figs. 1, S1, Table S2 ). As with the gymnosperms, there was no evidence of more then one ZPR-like transcript for any one species. For phylogenetic analysis we included ZPR-like sequences from eusporangiate taxa Equisetum diffusum (Edi_2008727), E. hymale (Ehy_2010667), and Sceptridium dissectum (Sdi_2001319) and from the leptosporangiate ferns Adiantum aleuticum (Aal_2002621), Argyrochosma nivea (Ani_2073218), Asplenium platyneuron (Apl_2055780), and Gaga arizonica (Gar_2015071) ( Table S2 ). All of the monilophyte ZPR-like sequences encode a C-terminal region. The C-terminal amino acid sequences of the leptosporangiate fern ZPR proteins are similar to each other but not with those of the eusporangiate ZPR proteins (Edi_2008727, Ehy_2010667).
Other taxa
No ZPR-related sequences were discovered in the publicly available databases for lycophyte or bryophyte taxa.
Comparison of ZPR sequences from flowering and non-flowering plants
The ZPR sequences from monilophytes and gymnosperms share a LZ that is clearly alignable to the LZ domains of C3HDZ proteins and angiosperm ZPR LZ domains (Figs. 1, S1 ). Monilophyte ZPR LZ domains have 59% similarity to C3HDZ LZs and 58% similarity to gymnosperm ZPR LZ domains, but only 52% similarity with angiosperm ZPR LZ domains (52%) ( Table 1A) . Gymnosperm ZPR LZ domains are more similar to angiosperm ZPR LZ domains (69%) than to C3HDZ LZ domains (61%) or monilophyte ZPR LZ domains (58%).
As mentioned above, monilophyte, gymnosperm and some angiosperm ZPR genes encode N-terminal regions (relative to the LZ). The N-terminal domains of monilophyte and gymnosperm ZPR sequences share sequence similarity with the C3HDZ HD sequences and are readily aligned, whereas the N-terminal domains of angiosperm ZPRs are neither readily aligned to each other or to the N-terminal domains of monilophyte and gymnosperm ZPR sequences (Figs. 1, S1 ). Monilophyte ZPR N-terminal domains have 47% similarity to C3HDZ HDs, gymnosperm ZPR Nterminal domains have 39% similarity to C3HDZ HDs and angiosperm ZPR1,2 N-terminal domains are only 23% similar to C3HDZ Fig. 1 . Alignment of selected LITTLE ZIPPER (ZPR) and class III HD-Zip (C3HDZ) amino acid sequences. Arabidopsis C3HDZ sequences ATHB8 and REV are at the top of the alignment. Amino acids highlighted in bold red are predicted to interact with DNA bases and amino acids enclosed in a box are predicted to interact with DNA phosphates (according to Sessa et al., 1998) . Red amino acids in the monilophyte ZPR sequences indicate conservation of base-binding residues and the boxes extending into monilophyte and gymnosperm ZPR sequences indicate conservation of phosphate-contacting amino acids. Within the angiosperm ZPR1,2 sequences, amino acids highlighted in red could be conserved, but the alignment is uncertain. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Table S2 . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) (Kelch et al., 2004; Pryer et al., 2001; Qiu et al., 2006 Qiu et al., , 2007 . Red dots indicate C3HDZ duplication events with the numbers showing how many duplications are inferred in that lineage. The red dot with the black outline indicates C3HDZ losses in an ancestor of angiosperms. The white circles outlined with red indicate ZPR duplication events. Three C3HDZ duplications were inferred in the euphyllophyte lineage prior to divergence of monilophytes and seed plants, one paralog was the ancestral ZPR. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) HDs (Table 1B) . Angiosperm ZPR3,4 sequences lack coding sequence N-terminal to the LZ. Despite being conserved enough for alignment, the residues responsible for DNA binding in C3HDZ proteins are not conserved in ZPR N-terminal domains. In monilophyte ZPR sequences, only one of the five residues predicted to interact with DNA bases (Sessa et al., 1998 ) is conserved and two of the four residues predicted to interact with DNA phosphates (Sessa et al., 1998) are conserved. In gymnosperms only two of the phosphate-contacting residues are mostly conserved, and in angiosperms it is not clear if any of the C3HDZ DNA-binding residues are conserved, although there are numerous arginine (R) residues that may represent part of the ancestral DNA-binding domain. All ZPR sequences include a region C-terminal of the LZ and these sequences are variable in length and not conserved across major taxonomic groups. However, there are motifs that are conserved within taxonomic lineages.
Phylogenetic analysis of C3HDZ sequences
The consensus tree from the Baysian phylogenetic analysis of C3HDZ amino acid sequences was rooted with the outgroup charophycean algal sequence (CcC3HDZ1) (Fig. 2) In the resulting toplogy, the bryophyte sequences diverge from the three basal nodes, outside of a well-supported (98%) clade including all vascular plant sequences. The branching order of the bryophyte grade is not consistent with currently accepted hypotheses of land plant phylogeny, however the sister position of the liverwort MpC3HDZ1 as sister to vascular plants is not highly supported (82%). Within the vascular plant clade, all of the lycophyte sequences are resolved as a highly-supported (100%), monophyletic sister-group to a clade including all of the euphyllophyte sequences, which is also highly supported (100%). Within the lycophyte clade, Selaginella sequences are all resolved in one clade sister to all of the Huperzia sequences. Within the euphyllophyte clade, there are three highly-supported (100%) euphyllophyte subclades that include both monilophyte and seed plant sequences (I, II, and III in Fig. 2) .
Euphyllophyte I includes a highly supported (100%) clade of sequences from eusporangiate and leptosporangiate monilophytes sister to a large clade of seed plant sequences. The Ceratopteris Crhb1 gene, which encodes a truncated C3HDZ protein, is resolved within the monilophyte subclade of euphyllophyte clade I. The seed plant clade within euphyllophyte clade I is further resolved into three highly-supported (100%) subclades, ''a'', ''b'', and ''c'' (Fig. 2) . Subclade ''a'' includes only gymnosperm sequences. Subclade ''b'' is resolved into a subclade of gymnosperm sequences sister to a subclade of angiosperm sequences, including Arabidopsis ATHB8 and ATHB15/CNA (Fig. 2) . Subclade ''c'' is resolved into asubclade of gymnosperm sequences sister to a subclade of angiosperm sequences, including Arabidopsis REV, PHB and PHV (Fig. 2) . Euphyllophyte II includes a subclade of monilophyte sequences sister to a subclade of gymnosperm sequences (d) (Fig. 2) . Euphyllophyte III is also further resolved into a clade of monilophyte sequences sister to a clade of gymnosperm sequences (e) (Fig. 2) . Thus, there are five distinct clades that include seed plant sequences, however only two of these (subclades ''b'' and ''c'') also include angiosperm sequences.
Phylogenetic analysis of C3HDZ and ZPR sequences
When rooted with the outgroup algal sequence (CcC3HDZ1), the consensus tree topology for the analysis including C3HDZ and ZPR sequences (Figs. 3, S2) is nearly identical to the C3HDZ analysis described above (Fig. 2) . Euphyllophyte clades I, II, and III are all highly supported (100%) as in the C3HDZ-only tree. The ZPR sequences resolve as a highly supported (100%) clade within the euphyllophyte III clade. Within the euphyllophyte III clade the gymnosperm sequences are the monophyletic sister group to a poorly supported (89%) clade in which monilophyte C3HDZs and the ZPR clade form an unresolved polytomy (Figs. 3, S2) . Branches leading to the ZPR clade, the monilophyte ZPR clade and the seed plant ZPR clade are all long (Fig. 3) .
Within the ZPR clade, the monilophyte ZPR sequences are resolved as a highly supported (100%), monophyletic sister group to the seed plant sequences (gymnosperms plus angiosperms) and the gymnosperm sequences are resolved as a sister clade to the monophyletic angiosperm sequences (100%), although the gymnosperm clade was not well supported (79%). The angiosperm clade is further resolved into two major clades, the ZPR1,2 clade and the ZPR3,4 clade. The ZPR 3,4 clade was constrained based on shared absence of N-terminal sequence. Within ZPR3,4 clade, the single Amborella sequence (Atr_c73493) is resolved as sister to remaining sequences which are largely unresolved. The remaining sequences were identified as a monophyletic ZPR1,2 clade with 94% support. Within the ZPR1,2 clade, there is a basal polytomy of the Amborella Atr_CK765457 sequence, a clade of eudicot sequences, and a poorly-supported (59%) clade including basal angiosperm and monocot sequences.
Ginkgo ZPR over-expression in Arabidopsis
The ZPR coding sequence from the gymnosperm Ginkgo biloba (GbZPR) was constitutively expressed, using the cauliflower mosaic virus 35S (35S) regulatory sequence (35S:GbZPR), in Arabidopsis. Plants with a range of abnormal phenotypes from severe to moderate were observed in two of 10 segregating T2 35S:GbZPR lines (Fig. 4) . The remaining eight lines exhibited only moderately affected leaves. All of the plants with abnormal development were also slow to germinate and slower-growing than wild-type seedlings. 35S:GbZPR plants exhibiting the most severe phenotype produced two small, eliptical cotyledons and no post-germination SAM activity (Fig. 4B and D) . We also observed plants with two small cotyledons and two arrested leaf primordia. These severely affected plants died about 8-16 days after germination. In one plant the SAM terminated in a single leaf-like organ and a new SAM had initiated in a lateral position (Fig. 4C) . In wild-type seedlings the abaxial cotyledon surface exhibits clusters of small cells and stomata interspersed with larger cells for an overall irregularly textured surface (Fig. 4E) , whereas the adaxial surface consists of relatively larger and more uniform cells, few stomata, and a smoother surface (Fig. 4F) . Cotyledons of the more severely affected 35S:GbZPR plants (as shown in Fig. 4B and C) have abaxial ( Fig. 4G) and adaxial (Fig. 4H ) surfaces similar in appearance to each other that resemble the abaxial surface of wild-type cotyledons (Fig. 4E) . Several seedlings in the weaker 35S:GbZPR-10 line produced relatively normal cotyledons, followed by rosette leaves that were progressively more epinastic (downward curved) ( Fig. 4I and J).
Discussion
Evolution of the C3HDZ gene family
Phylogenetic analysis of C3HDZ amino acid sequences (Fig. 2) produced a result consistent with previous analyses Prigge and Clark, 2006) . When rooted with the outgroup algal sequence (CcC3HDZ1), the basic topology is generally consistent with currently supported scenarios of land plant phylogeny (Kelch et al., 2004; Pryer et al., 2001; Qiu et al., 2006 Qiu et al., , 2007 in that bryophytes diverge from the basal nodes, vascular plant sequences are monophyletic, and lycophytes and euphyllophytes are sister groups within the vascular plant clade (Fig. 2) .
Within the euphyllophyte clade, resolution is also consistent with previous analyses of C3HDZ phylogeny. Euphyllophyte clade I was identified in both and Prigge and Clark (2006) . The C3HDZ gene tree of also resolved an additional euphyllophyte clade with two monilophyte sequences, from Psilotum (PnC3HDZ3) and Ceratopteris (CrC3HDZ1). The gene tree of Prigge and Clark (2006) resolved a second euphyllophyte clade with several fern sequences and a single gymnosperm sequence (PtaHDZ35) as well as a possible third clade represented by a single gymnosperm sequence (PtaHDZ34). For this analysis we identified orthologs for PtaHDZ34 and PtaHDZ35 from other gymnosperms and monilophytes, which clarifies the resolution of the euphyllophyte C3HDZs into three well-supported clades (I, II, III in Figs. 2 and 3) including sequences from eusporangiate and leptosporangiate monilophytes as well as seed plants. The C3HDZ topology suggests that the euphyllophyte common ancestor had a single C3HDZ gene, which was then triplicated, either by gene or genome duplications, prior to the divergence of monilophytes and seed plants. The three ancient paralogs have persisted in these lineages.
There are five distinct subclades including seed plant C3HDZ sequences ( Fig. 2a-e) , however only two of these (subclades ''b'' and ''c'') also include angiosperm sequences. The lack of angiosperm C3HDZ sequences in three of the five seed plant clades implies that three ancient C3HDZ paralogs were lost in an ancestor of extant flowering plants after the divergence of angiosperm and gymnosperm ancestors (Fig. 2) . All of the flowering plant sequences are derived from later duplications of the paralog that gave rise to euphyllophyte clade I .
Origin and evolution of the ZPR gene family
Our analysis including both C3HDZ and ZPR amino acid sequences resulted in a tree, when rooted with the outgroup algal sequence (CcC3HDZ1), with the same basic topology and support as the C3HDZ tree (Fig. 2) , but with ZPR sequences resolved as a wellsupported (100%) clade within euphyllophyte clade III (Fig. 3A) . This analysis was unable to resolve relationship of the ZPR clade to the euphyllophyte and gymnosperm C3HDZ sequences (Figs. 3A; S2) . The lack of resolution of the euphyllophyte III clade C3HDZ sequences in the consensus tree is the result of numerous alternate topologies among the post-burnin saved trees. The alternate resolutions of the euphyllophyte III clade included topologies in which individual lineages/sequences of C3HDZ sequences (gymnosperm clade, monilophyte clade, Aev_C3HDZ5, Sdi_2003479) were sister to the ZPR clade as well as the monophyletic euphyllophyte III C3HDZ sequences (as in Fig 2) sister to the ZPR clade. Pairwise sequence comparisons of the LZ domains indicated that monilophyte ZPR sequences are more similar to euphyllophyte C3HDZ LZs (60%) than to gymnosperm (58%) or angiosperm (52%) ZPR LZs (Table 1) . Similarly, the N-terminal domains of monilophyte ZPRs are more similar to the HDs of C3HDZs than to N-terminal domains of gymnosperm or angiosperm ZPRs. This sequence similarity may be attracting the monilophyte C3HDZ sequences to the ZPR clade.
In addition, inspection of the amino acid matrix (Dataset S3) reveals few residues or motifs that are potential synapomorphies uniting the euphyllophyte III C3HDZ sequences as a clade. Thus the weak phylogenetic signal for the euphyllophyte III C3HDZ clade may be overwhelmed by shared similarities (either ancestral or homoplasious) in the N-terminal and LZ regions between monilophyte ZPR and C3HDZ sequences.
However, alignment of amino acids in the variable linker region between the LZ and the START domain (LR in Fig. 6 ) reveals a motif that is unique to the euphyllophyte III C3HDZ sequences (Fig. 5) . The linker region is partly excluded from the matrix for phylogenetic analysis because it is impossible to reliably align linker sequences from C3HDZs across major plant lineages. However, C3HDZ linker region sequences from species within lineages (eg mosses, lycophytes, euphyllophyte I, II and III) are readily aligned and reveal motifs unique to each clade (Fig. 5) . The euphyllophyte III C3HDZ sequences share unique sequence structure in the linker region, which can be considered a protein structural synapomorphy. It is likely that the euphyllophyte III C3HDZs are the monophyletic sister lineage to the ZPR clade, as resolved in some runs of the Bayesian analyses. We repeated the Bayesian analysis constraining the euphyllophyte III C3HDZs as a clade (without defining any internal topology). In the resulting consensus tree, euphyllophyte clade III is identified with 100% support and includes a (constrained) C3HDZ clade sister to the ZPR clade which is also highly supported (100%) (Figs. 7, S3 ). Within the constrained C3HDZ clade, highly supported monophyletic monilophyte and gymnosperm clades are resolved as in the C3HDZ-only analysis (Fig. 2) , and all sequences are resolved in a topology consistent with land plant phylogeny. The ZPR clade sister to the euphyllophyte C3HDZ clade III is the simplest hypothesis that explains the current data.
Regardless of the precise resolution within the euphyllophyte III clade, there is strong support for the relationship of the ZPR clade to the euphyllophyte clade III C3HDZ sequences. These analyses indicate that the truncated Crhb1 gene from the fern Ceratopteris, which we had hypothesized as a possible paralog to the ZPR genes, is in fact distantly related (in euphyllophyte clade I; Figs. 2 and 3) . None of the orthologs of Crhb1 encode truncated C3HDZ proteins nor did we identify any similarly truncated genes from any other monilophyte or gymnosperm. Thus the evidence suggests that the Crhb1 gene represents a unique origin of a truncated C3HDZ paralog in Ceratopteris. Within the ZPR clade, the monilophyte sequences are resolved as a highly supported sister clade to a highly supported (100%) seed plant ZPR clade. The gymnosperm ZPRs are identified as a poorly supported (79%) sister group to a highly-supported (100%) the angiosperm ZPR clade. This basic topology is consistent with land plant phylogeny. Poor support for the gymnosperm ZPRs as a monophyletic group is due to alternate topologies in which the conifer ZPR sequences (Pam_2013367, Pm_2053043, Pta_BF17217) are resolved as a sister clade to the angiosperm ZPRs. However, as mentioned previously, the gymnosperm ZPRs share a synapomorphic motif in the C-terminal domain (Fig. S1 ) that unites them as a clade (that was not included in the phylogenetic analysis). Thus we can reject hypotheses in which conifer ZPRs are sister to angiosperm ZPRs.
Angiosperm ZPR sequences are resolved as two subclades each of which include sequences from basal angiosperms, monocots and eudicots. This indicates a duplication of the ZPR gene occurred in a common ancestor of extant angiosperms. Angiosperm ZPR sequences are not well resolved within the two clades. Angiosperm ZPRs are short proteins, represented by as few as 44 residues in the matrix (Figs. 1, S1 ). The lack of resolution within angiosperm ZPR clades is likely due to the paucity of sequence data and homoplasy.
The fact that gymnosperm and monilophyte ZPR genes encode sequence that can be aligned to the C3HDZ HD (in addition to the LZ) is evidence of a relationship between ZPR and C3HDZ genes. Phylogenetic analysis of amino acid sequences supports the ZPR sequences as nested within C3HDZ sequences, with a single point of origin. The ZPR genes are resolved within euphyllophyte clade III and include both monilophyte and seed plant sequences. This implies that another duplication of one of three ancient euphyllophyte C3HDZ paralogs occurred giving rise to a fourth paralog prior to the divergence of euphyllophyte lineages. The ZPRs should therefore be considered as C3HDZ euphyllophyte clade IV (Figs. 3A and 7) .
ZPR sequence evolution
All ZPR genes (monilophyte, gymnosperm and angiosperm) encode short proteins (49-120 amino acids) and have no known functional domains other than the LZ (Figs. 1, S1 ). Thus the derivation of a ZPR gene from an ancestral C3HDZ gene involved mutations both C-and N-terminal to the LZ domain. In the simplest scenario, following a duplication of one of three C3HDZ paralogs in an ancestral euphyllophyte (step 1 in Fig. 7) , a premature stop codon C-terminal to the LZ evolved in the C3HDZ paralog that was ancestral to the ZPR genes (step 2 in Fig. 7 ) leading to loss of C-terminal functional domains (step 3 in Fig. 7 ). Monilophyte and gymnosperm ZPRs encode sequence N-terminal to the LZ, which is similar to and aligns with the HD of C3HDZ genes whereas flowering plant ZPR genes have no clear sequence similarity with the C3HDZ HD (Table 1; Figs. 1, S1 ). This suggests that the HD was not immediately lost in the ancestral ZPR gene. Rather, following the divergence of the monilophyte and seed plant ancestors, sequence divergence occurred in the HD-encoding region independently (steps 4a and 4b in Fig. 7 ). In the monilophyte lineage, limited sequence divergence of the HD occurred and the resulting sequence was well conserved through subsequent diversification of eusporangiate and leptosporangiate taxa and retains 49% similarity with C3HDZ HDs. In gymnosperm ZPR genes, the HD is further diverged from an ancestral HD (only 38% average similarity), implying that the ZPR of the seed plant ancestor encoded at least a partly degenerate HD. The lack of clear sequence similarity to the C3HDZ HD in the angiosperm ZPR genes (Fig. S1) indicates that additional sequence divergence occurred in the ancestral ZPR gene of flowering plants following the divergence of angiosperm and gymnosperm ancestors. In addition, a duplication occurred in the common ancestor of flowering plants, resulting in two ancient angiosperm ZPR genes (step 5 in Fig. 7) . The C3HDZ paralog of the ZPRs was also lost in the angiosperm ancestor (Fig. 7) . Since all ZPR genes in the angiosperm ZPR3,4 clade lack N-terminal sequence we can infer that the HD remnant was lost in one of the two ancient angiosperm paralogs prior to the divergence of extant angiosperms (step 6 in Fig. 7) . This required the origin of a new start codon in position ''d'' of heptad 1 and loss of the original start codon. Inspection of the aligned C3HDZ and ZPR sequences reveals that in C3HDZ sequences and monilophyte ZPR sequences, a leucine (L) is encoded for position ''d'' in heptad 1. However, this position is occupied by either a methionine (M) or an isoleucine (I) in gymnosperm ZPR proteins and mostly M in angiosperm taxa (Figs. 1, S1 ). It is likely that the substitution of M for L in position d of heptad 1 occurred in the ZPR of the ancestral seed plant. Loss of the upstream start codons (and the HD) did not occur until after the ZPR duplication in the common ancestor of extant angiosperms, and then only in one of the ancient paralogs that was ancestral to the ZPR3,4 clade.
Functional characterization of a gymnosperm ZPR
Constitutive expression of the ZPR gene from the gymnosperm Ginkgo biloba in Arabidopsis produced plants with slow germination, slow growth, and meristem arrest (Fig. 4A-D) . The adaxial surface of cotyledons of 35S:GbZPR plants resembled abaxial surfaces of both 35S:GbZPR and wild-type plants, indicating a loss of adaxial identity and abaxialization of the adaxial surface ( Fig. 4E-H) . In addition, some plants produced epinastic leaves (Fig. 4F-I ). These phenotypic defects have been observed in Arabidopsis plants constitutively expressing ZPR1 and ZPR3 and they are consistent with a reduction in C3HDZ function (Kim et al., 2008; Wenkel et al., 2007) . Wenkel et al. (2007) reported that constitutive expression of ZPR3 in Arabidopsis produced more severe defects than constitutive expression of ZPR1. The more severe defects included termination of the meristem immediately after cotyledon formation in a single, radialized organ and the production of trumpet-shaped leaves. Neither of these more severe effects was observed in 35S:ZPR1 plants by Wenkel et al. (2007) nor in 35S:GbZPR plants in this study, although we did observe one case of apparent meristem termination in a leaf-like organ after leaf initiation (Fig. 4D) . Constitutive expression of the gymnosperm GbZPR in Arabidopsis produced the same developmental defects as that of ZPR1 in Arabidopsis, suggesting that both ZPR1 and GbZPR can suppress C3HDZ function by dimerization, but to a lesser degree than ZPR3. While overexpression in a heterologous system cannot inform on the developmental roles that ZPRs play in Ginkgo, our results suggest that they are biochemically conserved across deep phylogenetic distances in the seed plants, suggesting conservation of their negative regulatory roles.
Origin of small regulatory proteins in plants
SRPs have been identified that regulate diverse transcription factors (TFs) in plants including ARF, bHLH, C3HDZ, MYB, and KNX (Seo et al., 2011; Staudt and Wenkel, 2011 ) and many more have been predicted, some of which may target additional TFs (MADS, NAC, WRKY, ZF, others) (Seo et al., 2011) . Only one group of known SRPs (the Aux/IAAs) was likely part of the ancestral land plant toolkit. Most SRPs, including the ZPRs, were previously thought to be restricted to flowering plants (Magnani and Hake, 2008; Staudt and Wenkel, 2011; Wenkel et al., 2007) . We have shown that the ZPR ''family'' of SRPs originated long before the origin of flowering plants. Our evidence suggests that a C3HDZ gene duplication occurred in an ancestral euphyllophyte and one paralog degenerated to become the ancestral ZPR.
Phylogenetic analyses of multiple plant gene families indicate that gene duplications occurred in the euphyllophyte ancestor not only in the C3HDZ family, but in several other important developmental gene families (Zalewski et al., 2013; SK Floyd, unpublished data) . This could be evidence of whole or partial genome duplications in the last common ancestor of ferns and seed plants. It is therefore possible that gene duplications early in the euphyllophyte lineage, followed by degenerative mutations, gave rise to other SRPs, adding developmental complexity to the euphyllophyte developmental program. Thorough sampling of the increasingly broad genomic and transcriptomic resources for plants and rigorous phylogenetic analyses including sequences of SRPs and their target TFs will reveal if SRPs other than the ZPRs have a common origin in the ancestor of euphyllophyte plants or evolved at different times during land plant diversification.
It is of interest that SRPs share both functional and evolutionary similarities with plant miRNAs, which act post-trancriptionally to negatively regulate target transcripts and are also thought be evolutionarily derived from their targets following gene duplication (Allen et al., 2004) . In both cases evolution of a negative regulator from a paralog can result in the establishment of a negative feedback loop, allowing more sophisticated regulation of gene activity and perhaps facilitating co-option of genetic modules for new functions.
ZPR genes and the evolution of euphyllophytes
The earliest euphyllophytes were much simpler in structure than their modern descendants (Banks, 1980; Corvez et al., 2012; Doran, 1980; Galtier, 2010; Hoffman and Tomescu, 2013; Kenrick and Crane, 1997; Trant and Gensel, 1985) . However, paleobotanical evidence shows that the euphyllophyte lineage underwent dramatic evolutionary changes in morphology prior to the divergence of the monilophyte and seed plant ancestors. These changes included the origin of determinate lateral branching systems (that ultimately were modified to become megaphyllous leaves) produced in a regular, spiral phyllotaxis and concomitant increases in the complexity of shoot vasculature and increase in stature (Banks, 1980; Corvez et al., 2012; Doran, 1980; Galtier, 2010; Hoffman and Tomescu, 2013; Kenrick and Crane, 1997; Trant and Gensel, 1985) . Morphological innovations such as lateral branch systems were the result of changes to the ancestral developmental programs regulating the function of the shoot apical meristem (SAM) and vascular patterning. C3HDZ genes were likely to have been part of the developmental program for the sporophyte SAM and vasculature in the ancestor of all vascular plants Bowman, 2006, 2007) . Duplications of the ancestral C3HDZ gene provided additional paralogs, which may have allowed for functional diversification of C3HDZs in the earliest euphyllophytes. One of those early euphyllophyte paralogs underwent degenerative mutations to become the ancestral ZPR gene, representing a novel developmental module for regulating C3HDZ activity. Without further functional data from gymnosperms and monilophytes, the precise role of ZPR genes in euphyllophyte evolution will remain speculative. However, given the demonstrated role of ZPR genes in regulating SAM function in Arabidopsis, it is quite likely that they were an important developmental innovation that contributed to the increasing morphological complexity of euphyllophyte plants.
Summary and conclusions
The LITTLE ZIPPER genes were evolutionarily derived, through degenerative mutations, from the C3HDZ transcription factors that they regulate. Their origin can be traced to a gene duplication event in the ancestor of the euphyllophytes. ZPRs represent a novel transregulatory module that increased the complexity of an ancient developmental network involving the C3HDZ transcription factors. It is likely that the increased number of C3HDZ transcription factors and the addition of the ZPR regulatory module played a role in the developmental evolution of the euphyllophytes, perhaps in allowing a rapid, dynamic flux of C3HDZ expression in the apex. ZPR genes may therefore have been critical for the earliest stages of evolution of megaphyllous leaves in the euphyllophyte lineage.
The origin of the ZPRs provides a concrete, empirical example of how a duplicate gene led to a novel regulatory mechanism with consequences for morphological evolution in plants.
ZPRs are only one of several families of SRPs that act as competitive inhibitors of plant transcription factors. Much work remains to be done to understand exactly how the ZPRs, and other small regulatory proteins, have influenced plant development and evolution. However, it is clear that gene and genome duplications at key nodes in plant evolution have provided not only more genes, but novel regulatory modules, that increased the complexity of the land plant developmental toolkit.
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